Atom probe tomography (APT) Oxide dispersion strengthened steel Oxide particle Cluster Heavy ion irradiation a b s t r a c t Excellent mechanical properties of ODS steels are directly related to the high density of homogeneously distributed, well-formed oxide particles (such as Y 2 O 3 , or Y-Ti-O). However, atom probe tomography study of ODS steels revealed that in addition they contain almost a hundred times more nanoclusters enriched in Y, O and V/Ti (if present in the alloy composition) than larger oxide particles.
Introduction
Oxide dispersion strengthened steels providing exceptional high-temperature creep and irradiation resistance are presently being developed for fusion and nuclear reactor applications [1] . These steels are standard reduced activation steels developed for nuclear applications but contain many nanoparticles of metal oxides dispersed in the base matrix. These specific oxide particles, often yttrium oxides, provide much better material performance at elevated temperatures [2 , 3] . However, atom probe tomography (APT) study of ODS steels revealed that they contain a much larger amount of nanoclusters enriched in Y, O, V and Ti (if present in the alloy composition) than of oxide particles. The effect of these clusters on the mechanical properties and irradiation resistance of ODS steels and, especially, on the evolution of their chemical composition under irradiation has not been investigated in detail yet. Previous studies of the effect of irradiation on ODS Eurofer steel revealed an exchange of chemical elements between oxide particles and nanoclusters through the matrix material [4 , 5] . For example, neutron irradiation at 300 °C causes a significant change in nanocluster chemical composition: vanadium goes from clusters into the matrix, while yttrium and oxygen partially leave the oxide particles and enrich nanoclusters [4] . A similar nanocluster behavior in ODS Eurofer was observed in APT samples irradiated with low energy Fe ions up to 30 dpa at room temperature [5] . The change of chemical composition of matrix in irradiated ODS Eurofer, which was found using APT, may result from the dissolution of oxide particles, but this has not been proved yet. More detailed information about the response of ODS steels to irradiation was presented in recent articles, e.g. [6] .
The present work is aimed at TEM and APT study of ODS steels produced by mechanical alloying: ODS Eurofer, 13.5Cr ODS and 13.5Cr-0.3Ti ODS. The effect of irradiation with Fe (5.6 MeV) or Ti (4. 300 °C on ODS steel nanostructure with nanoclusters and oxide particles has been studied.
Materials and methods

Materials
The following materials were the objects of the study: high chromium model ODS steels Fe-13.5Cr-(0-0.3)Ti-0.3Y 2 O 3 (in wt.%) [7] , as well as ODS Eurofer steel [3] . These steels were produced by mechanical alloying of a pre-alloyed and gas-atomized powder with yttria powder in an attritor ball mill. After canning into stainless steel capsules with subsequent degassing, the powder was consolidated by hot isostatic pressing (HIPing) at 100 MPa pressure at 1100 °С and 1150 °C in the case of the Ti-free alloy and ODS Eurofer respectively. Compacting for the Ti-containing steel was done by hot extrusion at 1100 °C. Finally, ODS Eurofer steel was heat treated under the following conditions: heating for 30 min at 980 °C followed by temper quenching for 2 h at 760 °C. 13.5Cr-(0-0.3)Ti ODS steels were not subjected to heat treatment after extrusion or HIP. The chemical composition of the materials under study is summarized in Table 1 .
Irradiation experiment
The evolution of nanostructure of ODS steels under heavy ion irradiation was studied in this work. For this purpose, we used RFQ HIP-1 heavy ion accelerator (Heavy Ion Prototype) [8 , 9] in the Institute for Theoretical and Experimental Physics. This 27 MHz accelerator can accelerate ions with mass to charge ratio up to 60 with energy of 101 keV/u. The ion beam density at the target is 3-6 mA/cm 2 . The ion beam pulse length is 450 μs with repetition rate 1/4 pps. During our experiments the pressure was lower than 2 × 10 −6 mbar.
In our study Fe 2 + and Ti 2 + ion beams accelerated up to 5.6 MeV and 4.8 MeV respectively were used for irradiation. The RFQ HIP-1 output channel was optimized for the experiment, and the target chamber with the sample holder, a heating set and beam control system were installed at the end of the channel. According to the SRIM calculations, the maximum number of ion generated defects in pure Fe under Fe 2 + irradiation is located at about 1.4 μm depth and under Ti 2 + irradiation at about 1.25 μm depth (see Fig. 1 ). Kinchin-Pease mode with 40 eV threshold displacement energy and 0 eV lattice binding energy was used for calculation of irradiation damage in dpa [10] .
Cylindrical samples with a diameter of 3 mm were used for the irradiation experiment. They were mechanically polished up to a thickness of 100 μm. The surface roughness of the samples was checked by atomic-force microscopy before and after irradiation. It was less than 50 nm for all samples. Prepared samples of ODS steels were irradiated up to fluences of 1 × 10 15 ions/cm 2 and 3 × 10 15 ions/cm 2 at room temperature and 300 ºС .
Characterization of samples
The microstructure of these ODS steels was characterized using transmission electron microscopy (TEM) and atom probe tomography (APT). TEM analysis was conducted to evaluate oxide particles evolution under ion irradiation. As clusters are much smaller than oxide particles, APT was used to complement TEM in order to study clusters evolution with atomic resolution. As an example of acquired data nanostructure and atom maps of ODS Eurofer, 13.5Cr ODS and 13.5Cr-0.3Ti ODS samples are represented in the Fig. 2 .
TEM samples prepared from unirradiated materials were mechanically polished with SiC paper and then they were electropolished in a Tenupol-5 thinning device with a solution of 20% sulfuric acid in methanol at 18 ºC to remove a surface layer containing residual mechanical damage. TEM study of unirradiated and irradiated ODS steels was performed using FEI Tecnai F20 (KIT) and 100 keV JEOL JEM 1200EX equipped with a LaB 6 filament (ITEP).
For investigation of the damaged area, irradiated samples were prepared in two stages. First, a 1.3 ± 0.1 μm layer of a sample was removed from the irradiated surface by electrochemical polishing. After that irradiated side was isolated from the electrolyte, and then only the unirradiated surface was electrochemically thinned until perforation of the sample. This procedure allowed obtaining a TEM specimen exhibiting the area with the maximum damage dose in the irradiated sample (see Fig. 1 ).
The APT samples were studied at the Karlsruhe Nano Micro Facility (KNMF) center of Karlsruhe Institute of Technology with a LEAP 40 0 0X HR Atom Probe Microscope with a local electrode. All presented data was collected in voltage mode, at a target set temperature of 70 K, with a pulse frequency of 200 kHz, a pulse fraction of 19% and a data acquisition rate of 0.3%. Preparation of the samples from unirradiated materials was carried out in two stages. During the first stage billets, typically 0.3 × 0.3 × 10 mm 3 , were prepared from bulk material using electro-erosion cutting in water. Then they were thinned using the method of anodic etching in electrolyte. For ion irradiated materials, APT samples were prepared by the standard lift-out technique using an FEI QUANTA 3D dual-beam system [ 11, 12 ] . They were lifted out of the irradiated specimen from different depths near the one corresponding to the maximum of damage dose (see, Fig. 1 ).
Atom probe data acquisition was performed under ultrahigh vacuum conditions at 70-75 K to avoid preferential evaporation of various elements from the specimen surface and to reduce the error in determining the evaporated atom coordinates caused by its thermal oscillations. The specimens were evaporated by electrical pulses with a pulse fraction of 20% and a repetition rate of 200 kHz.
Data processing included the analysis of the obtained mass spectrum and the reconstruction of spatial distribution of chemical elements in the studied volumes. For analyzing the detected nanoscale features, the maximum separation method was used [13] , which allows to identify nanoclusters (NCs) and gather information about their size, composition, and number density. Parameters of cluster analysis (the maximum separation distance between atoms in a cluster and the minimum number of atoms to be considered a cluster) were chosen the same for all specimens (0.8 nm 
Experimental results
Characterization of unirradiated samples
TEM study
Quantitative comparison of all investigated materials in as produced state is given in Table 2 .
In both 13.5Cr and 13.5Cr-0.3Ti ODS steel specimens, a bimodal grain size distribution was found ( Table 2 ) (see [ 7, 14 ] . In the 13.5Cr ODS steel without titanium, only single nano-sized grains were observed inside coarse ( ∼ 6-8 μm) grains, whereas in the titanium alloyed 13.5Cr-0.3Ti ODS steel, agglomerates of 10 0-70 0 nm grains were found. In the ODS Eurofer steel, coarse grains with a typical size of 4-7 μm were observed.
In the materials under study, precipitation of coarse particles (up to 100 nm in 13.5Cr-(0-0.3)Ti ODS and up to more than 200 nm in ODS Eurofer) on grain boundaries was observed. The analysis of electron diffraction patterns of ODS Eurofer which were selected in the areas including those particles showed that they are M 23 C 6 carbides [15] ; meanwhile in 13.5Cr-(0-0.3)Ti ODS steels, inclusions of the large size are coarse Y or Y-Ti oxides [7] .
In all the 13.5Cr-(0-0.3)Ti ODS specimens, a uneven spatial distribution of nano-sized particles in the form of stitch arranged linear structures was observed. These structures might have been formed during HIPing of the material and are presumably arranged along edge dislocations or on boundaries of former grains. The dark field TEM images are indicative of a large number of nanosized particles that possess the same orientation within a grain but have well defined oxide structure. According to [ 7, 16 ] , these particles are mainly Y 2 O 3 oxides and in case of 13.5Cr-0.3Ti ODS they are Y 2 Ti 2 O 7 oxides.
The quantitative analysis of oxide particles distribution in the investigated materials was carried out. The particle size distributions are shown in Figs. 2 and 3 . The calculated average sizes and the number densities of particles in steels of various compositions are given in Table 2 . Note that alloying of 13.5Cr-0.3Ti ODS steel with titanium ensures better parameters of the distribution of oxide inclusions than alloying of ODS Eurofer steel with vanadium.
APT study and data processing
Three ODS steels with different compositions ( Table 1 ) were investigated. The average concentrations of chemical elements in the volumes (with NCs) and in the matrix (without NCs) are shown in Table 3 . In addition to the elements mentioned above, Si, Mn, V, Ni, Co, and other chemical element impurities were also detected in all the alloys ( Table 3 ) . This is most probably due to contamination during mechanical alloying [7] . A difference in average chromium concentrations was observed in 13.5Cr-(0-0.3)Ti ODS alloys. This may be caused by a nonuniform distribution of this element through the material, e.g., segregation at different sinks, diffusion of chromium atoms towards grain boundaries, etc.
The analysis of APT data revealed nanoscale clusters (number density of ∼ 10 23 m -3 , size of 2-6 nm) in all of the ODS steels. In ( Table 4 ) . Also in 13.5Cr ODS, the clusters are enriched in O, V, Y and Cr ( Table 4 ) . With Ti alloying, the nanostructure of the material changes considerably -the amount of clusters enriched in Ti, O, Y and Cr grows significantly ( Table 4 ) , while their size decreases.
Characterization of irradiated samples
TEM study
As expected, the TEM analysis of grain structure of irradiated materials revealed no significant changes in the type and size of grains after heavy ion irradiation. The number density of dislocation defects, such as interstitial loops, increased in all irradiated samples up to ∼ 10 14 m −2 in volumes with a high number of oxide particles and up to ∼ 10 16 m −2 in the volumes free from oxides. This finding directly confirms the assumption that oxide nanoparticles act as recombination centers thus reducing the density of radiation induced lattice defects. The results of quantitative analysis of oxide particles in all irradiated samples are shown in Table 5 . After ion irradiation, a decrease in the average oxide size and an increase in the number density of oxide inclusions were observed in all the investigated materials. The most pronounced effect was found in 13.5Cr ODS steel irradiated by titanium ions up to a dose of 2.4 dpa at room temperature. Evident differences in oxides particle size distributions for initial and irradiated states of the ODS steels can be seen in Figs. 3 and 4 . Irradiation up to 0.8 dpa by titanium and iron ions at room temperature led to a shift in the size distribution of observed inclusions towards smaller sizes. This effect was also found in the 13.5Cr-0.3Ti ODS steel irradiated with titanium ions up to doses of 0.8 and 2.4 dpa at room temperature and 300 °C. Irradiation of 13.5Cr ODS steel at room temperature and at 300 °C caused formation of a new fraction of particles with an average size of 3 ± 1 nm. The observed changes in size distribution of oxide inclusions might result in microstructure rearrangements and a redistribution of chemical elements between nanostructure elements in ODS steels under ion irradiation. At the same time, the size distribution of oxide particles in the 13.5Cr-0.3Ti ODS after Ti 2 + irradiation up to 2.4 dpa at 300 °C did not change considerably.
APT study
Detailed information about the irradiation conditions for the specimens investigated using APT is presented in Table 6 .
Nano-sized clusters enriched in alloying elements were detected in all the samples. In ODS Eurofer there were clusters enriched in V, N, O, Y, Si and Cr. Clusters in both types of 13.5Cr-(0-0.3)Ti ODS steels were enriched in O, V, Y, Si and Cr atoms. Additional enrichment with Mn atoms for 13.5Cr-ODS and with Ti atoms for 13.5Cr-0.3Ti ODS was observed.
As it was mentioned above, the atom probe specimens were extracted from various depths under the irradiated surface. The APT study showed that the typical clusters size remained unchanged under irradiation and stayed in the range of 2-6 nm.
In all the investigated ODS steels, irradiation at room temperature led to an increase in cluster number density (see Fig. 5 ) in the specimens that were prepared from the material at a 1.2 μm depth. This depth corresponds to the peak of the radiation damage dose (about 0.8 dpa for Ti 2 + irradiation and about 0.9 dpa for Fe 2 + irradiation, see Fig. 1 ). For this depth, the cluster number density increased about twofold for the ODS Eurofer and 13.5Cr ODS and by 3 times for the 13.5Cr-0.3Ti ODS steel samples after irradiation. At the same time, this effect was less pronounced at a 1.5 μm depth and was absent at a 1 μm depth. It is clear that cluster number density increase depends on the irradiation dose and may occur due to dissolution of large Y 2 O 3 or Y 2 Ti 2 O 7 inclusions and growth of a new generation of nanoscale clusters. A similar increase in cluster number density was observed in the ODS Eurofer steel samples irradiated with neutrons in BOR-60 reactor up to 32 dpa [4] .
A change in clusters chemical composition in the ODS steels under ion irradiation up to 0.8-0.9 dpa at room temperature was observed: the concentrations of Y, O and Mn atoms in ODS Eurofer, of Ti and O atoms in 13.5Cr-0.3Ti ODS, and of Y atoms in 13.5Cr ODS increased ( Fig. 6 ). Taking into account the modification in size distribution of oxide particles found out with TEM, this change may occur due to dissolution of large oxide inclusions; chemical elements such as Y, O, Ti and Mn released from oxide particles may segregate on nanoclusters during irradiation.
A similar but less significant increase in yttrium concentration in nanoscale clusters was observed in the APT samples of ODS Eurofer steel irradiated with low energy Fe ions up to 30 dpa [5] .
Additional investigation of the 13.5Cr-0.3Ti ODS steel samples irradiated with 4.8 MeV Ti 2 + ions up to 1 × 10 15 cm −2 and 3 × 10 15 cm −2 doses at 300 °С was carried out. The APT specimens were lifted out of a 1.2 μm depth under the sample surface as for irradiation at RT. The chemical composition analysis showed that at 300 °С , the clusters remained unchanged in contrast to the samples irradiated at the room temperature ( Fig. 7 ) . One can assume that for 13.5Cr-0.3Ti the microstructure is more stable due to finer oxide clusters. The changes at all temperatures observed in this material are much less than for other materials.
At the same time, the increase in cluster number density was similar to that in samples irradiated at the room temperature (see Fig. 8 ).
Discussion
Notable increase of number density of nanoclusters was observed by APT after heavy ion irradiation at room temperature up to 1 dpa in all steels investigated in this work. Increase of the cluster number density was observed previously after neutron irradiation of Eurofer ODS at 310 °C [4] . It seems that at least two competing processes might be responsible for the Table 5 The results of quantitative analysis of oxide inclusions of irradiated states of ODS Eurofer and 13.5Cr-(0-0.3)Ti ODS steels. observed changes: (i) nucleation of new clusters induced or enhanced by presence of freely migrating defects created by irradiation, and (ii) cascade-induced dissolution of larger oxide particles and their break-up in smaller ones resulting in enrichment of the steel matrix with oxide composing elements. It is quite difficult to distinguish which of these mechanisms are operative in our experiment, although it cannot be excluded that both are acting simultaneously. If one of the mechanisms prevails, it might be possible to distinguish them by tracing the change of chemical composition of the nanoclusters. In the case of radiation-induced nucleation, nanoclusters should have similar composition as in unirradiated material as far as matrix is enriched with the same elements. On the contrary, in the case of cascade-induced oxide dissolution, one can expect a change of nanocluster composition to be more close to that of the dissolving oxide particles. This change should be measurable as nanocluster elemental composition in the unirradiated material deviates significantly from that of oxide. This trend was confirmed by our experiments.
Elemental composition of nanoclusters in ODS Eurofer and 13.5Cr ODS is changing to become close to that of oxides. The change of the oxide size distribution showing the increase of the small size fraction of particles for these steels is also most pronounced. However, this cannot be considered as a confirmation of a predomination of dissolution mechanism, while if both mechanism are acting simultaneously, the same trend would be observed.
Notable increase of number density of small oxides ( < 4 nm) was observed by TEM after irradiation at RT and 300 °C up to 1 dpa and 3 dpa in 13.5Cr ODS without Ti. This material contains yttria particles, appreciable part of which is more than 10 nm and these oxides shrunk under irradiation. The oxide size distribution and cluster elemental composition remain practically unchanged in 13.5Cr-0.3Ti ODS, confirming especial irradiation resistance of this material which is most probably related to the high number density of small oxide particles serving as defect recombination places homogeneously dispersed in matrix.
Conclusions
Nanostructure evolution in ODS Eurofer and 13.5Cr-(0-0.3)Ti ODS steels under heavy ion irradiation at room and 300 °C temperatures was studied in this work. These ODS steels were irradiated with 5.6 MeV Fe 2 + and 4.8 MeV Ti 2 + ions up to 3 × 10 15 cm −2 . It was found that irradiation leads to decrease in the average size of oxide particles and to the 2-3 times increase in the number density of nanoclusters. The reduction of oxide size can be tentatively attributed to irradiation-cascade-induced dissolution. APT has shown that the chemical composition of nanoclusters changes under irradiation at RT. It can be suggested that there is an exchange of chemical elements between nanoclusters, matrix and oxide particles. At the same time, at 300 °C, size of oxide particles and the chemical composition of clusters remain stable in 13.5Cr-0.3Ti ODS steel irradiated with 4.8 MeV Ti 2 + ions up to 3 × 10 15 cm −2 thus approving its exceptional irradiation resistance.
